Theiler's murine encephalomyelitis viruses (TMEVs) belong to the family Picornaviridae and are natural pathogens of mice that can infect the central nervous system (CNS) (13) . Based on biological differences, TMEVs are divided into two subgroups. The GDVII subgroup contains neurovirulent strains that produce fatal encephalitis. On intracerebral inoculation of susceptible mice, viruses of the TO subgroup, which contains the BeAn and DA strains, produce a biphasic disease: an acute polioencephalomyelitis which occurs when neurons in the gray matter are infected (acute stage), followed by a chronic demyelinating disease (chronic stage). Here virus persists in glial cells in the white matter (35) . The shift seen in tropism from neurons in the gray matter during the acute stage to glial cells in the white matter during the chronic stage may reflect the ability of virus to interact with different receptors. The receptor(s) for TMEV is unknown, but virus-receptor interaction can be studied by altering virus capsid proteins at areas that are believed to interact with a cellular receptor.
The fivefold axis of the virus is surrounded by a depression called the pit. The pit of picornaviruses is believed to be the receptor binding site (7, 14, 17, 18) . The three-dimensional structures of TMEVs differ from the structures of other picornaviruses in their unique loop structures that are found in the connections of the ␤ strands (7, 14, 15) . These unique loops are located near the fivefold axis at the edge of the pit. There are four large loops between the CD strands of VP1 (loop I and loop II) and the EF strands of VP2 (puff A and puff B) that extend out nearly perpendicular to the surface of the virion (Fig. 1) . Exposed amino acids on three of these loops have been shown to be important disease determinants. A change in amino acid 101 of VP1 (loop II) or changes in the VP2 puff (amino acids 141 and 173 of the VP2 puff A and puff B, respectively) have resulted in viruses with altered disease patterns (8, 9, 11, 25, 31, 32, 39) . Since changes at sites surrounding the pit affected pathogenesis, it is possible that these sites define a three-dimensional structure that is necessary for the cellular receptor to initiate contact with virus. Furthermore, comparisons of the footprint of human rhinovirus 16 with its receptor intercellular adhesion molecule (ICAM)-1 have shown that in order for the cellular receptor of TMEV to bind in a similar fashion, contact with loop I of VP1 would occur (15, 17) .
To further elucidate virus-host interaction and potential receptor contact sites, we have examined loop I and have generated mutant viruses that have amino acid substitutions in loop I and at a site near loop I in the wall of the pit (Fig. 2) . We found that substitutions at the tip of loop I of VP1 and a substitution in the wall of the pit resulted in viruses that have altered in vitro characteristics, tropism, and disease patterns. It has been predicted that in order for virus to bind its cellular receptor at the base of the pit, it might make contact with loop I (15) . We also predicted that the four hydrophobic amino acids that are equally spaced going down into the canyon could be important contact sites for virus-receptor interaction (Fig.  2D ). Since hydrophobic stretches are often observed in protein-protein interactions, we reasoned that these hydrophobic amino acids could be involved in virus-receptor interactions. Here we describe for the first time DA viruses that have alterations in the loop I of VP1 and in a hydrophobic patch near the loop in the wall of the pit causing altered pathogenesis and tropism.
with supernatant were harvested, titered, frozen, and stored at Ϫ70°C. GDVII virus was propagated in BHK-21 cells.
We had also generated a mutant infectious DNA clone that had the entire loop I of VP1 deleted (amino acids 79 to 84 [DSTSGP] ). On transfection of the mutant viral RNA, no infectious virus was isolated. Western blot analysis revealed that VP1 was translated (data not shown). Likely explanations for the fact that no infectious virus could be detected are that virus particles were not being assembled because the deletion exerted an affect on viral assembly and that they were being assembled but were noninfectious.
In vitro virus replication. Subconfluent monolayers in 35-mm-diameter wells of BHK-21, BSC-1, Vero, and Neuro-2a, astrocytes, and SF9 cells were infected with each of the different viruses and allowed to absorb for 1 h at 37°C. Cells were washed twice with phosphate-buffered saline (PBS), and 1 ml of medium containing 2% FBS was added. At different times postinfection, the supernatants and infected cells were harvested. Samples were stored at Ϫ70°C and were titrated by plaque assay. Virus titration was performed in duplicate. Results are representative of two independent experiments. Thermal stability studies. Each virus was diluted in 2 ml of DMEM (2% FBS) and divided into four tubes. Two of the tubes of each virus were incubated for 5 min in water baths calibrated at 42°C. The other two tubes remained on ice. The virus-containing fluids heated or unheated were then plated onto subconfluent BHK-21 cells to determine viral titers. The percent viability was calculated as follows: (average titer of heated virus/average titer of unheated virus) ϫ 100.
Animals. Four to six-week-old male SJL/J mice (purchased from the National Cancer Institute, Bethesda, Md.) were used. Virus pools were diluted and 2 ϫ 10 5 PFU in 20 l of DMEM were injected intracerebrally in the right hemisphere of anesthetized (methoxyfluorane; Pitman-Moore, Inc., Mundelein, Ill.) mice. Mice were weighed three times for the first week postinfection and once weekly for the subsequent weeks and were observed for any clinical signs.
Histological evaluation. For histological and immunohistochemical studies, mice were euthanized with an overdose of halothane (Halocarbon Laboratories, River Edge, N.J.) 1, 4, or 8 weeks postinfection (six mice per mutant virus per time point). Blood was removed and mice were perfused with 4% paraformaldehyde in PBS. Brains and spinal cords were paraffin embedded, and 4-m sections were cut. Sections were stained with luxol fast blue to determine the extent of demyelination and degree of inflammation. Brain sections were scored for the presence of meningitis (none ϭ 0, slight ϭ 1, and severe ϭ 2), inflammation (none ϭ 0, 1 to 20 lesions ϭ 1, 21 to 50 lesions ϭ 2, and Ͼ50 lesions ϭ 3), and the presence (ϭ1) or absence (ϭ0) of demyelination (2, 28) . For evaluation of the spinal cord, each cross-section on a slide (with 10 cross-sections) was divided into four quadrants (dorsal, ventral, and two laterals). Each quadrant was examined for either the presence or absence of demyelination, inflammation, and meningitis and then scored (20, 22, 28 ). The total score was then divided over the total number of quadrants and multiplied by 100 to generate a percent disease value.
Immunohistochemistry. To quantify the number of cells in the CNS that contained viral proteins and to evaluate the distribution of virus, immunohistochemistry was performed on adjacent sections. Deparaffinized and blocked (3% (29) . CNS viral titers. Amounts of infectious virus in the brains and spinal cords of infected mice were determined as follows. Mice injected as described above were euthanized and perfused with PBS at 1, 2, 4, and 8 weeks postinfection (three mice per time point). The brains and spinal cords were aseptically removed and placed into preweighed tubes containing DMEM. Ten to twenty percent homogenates were made of brains and spinal cords. After the homogenates were frozen and thawed three times, they were plaqued on BHK-21 cell monolayers. The amount of virus per gram of tissue was calculated.
RT-PCR. Primers were designed to regions of the DA virus genome for reverse transcriptase-PCR (RT-PCR) as follows: for the reverse transcription reaction starting at position 3509, 5Ј-CGCGTCTCGCCAAGGCTG-3Ј; for the forward reaction of PCR starting at position 2863, 5Ј-GGATGGGTGACTGTCTGGC-3Ј; and for the reverse reaction starting at position 3509, 5Ј-CGCGTCTCGCC AAGGCTG-3Ј. RNA was extracted from infected samples (BHK-21 cells, brains, and spinal cords) was immediately used in the reverse transcription reaction using Ready-To-Go-You-Prime First-Strand Beads (Pharmacia Biotech, Piscataway, N.J.), using the recommended protocol. When samples were prepared for sequencing, the following protocol was used. After cDNA synthesis, the entire reaction was used for PCR amplification with added Taq DNA polymerase (Gibco) and 40 pmol of each forward and reverse primer. The cycling conditions were as follows: denaturation at 92°C for 1 min, annealing at 58°C for 1 min, and extension at 72°C for 1.5 min. After 30 cycles, there was a final extension period for 10 min and cooling to 4°C. PCR products were resolved on a 0.8% TAE agarose gel. To determine whether spinal cord homogenates of infected mice contained viral RNA, nested PCR was used with the following modifications. Five-microliter aliquots of the reverse transcription reaction products were amplified by using the same forward and reverse primers as described above, with the following cycling conditions: 45 s of melting at 94°C, 45 s of annealing at 58°C, and 1.5 min of extension at 72°C for 25 cycles, with a final extension at 72°C for 5 min. From this reaction, 0.2 l was used for the nested PCR using the same cycling conditions for 20 cycles with the forward primer starting at position 2915, (5Ј-CTGTCAACTCTGACATCCTCAC-3Ј) and the reverse primer starting at position 3405 (5Ј-CAGAGCGCTGACTGTAACCT C-3Ј). PCR products were resolved on an 0.8% Tris-acetic acid-EDTA (TAE) agarose gel.
Enzyme-linked immunosorbent assays (ELISA). Mice were bled from the tail vein upon arrival and at the time of sacrifice. Sera were prepared and assayed for content of anti-DA virus antibodies. Ninety-six well plates (Nunc-Immuno Plate Maxi Sorp; Nunc, Rochester, N.Y.) were coated with 50 l of a 10-g/ml DA virus solution (10) in PBS overnight at 4°C. After blocking with diluent (PBS, 10% FBS, 0.2% Tween 20), twofold serial dilutions of the mouse sera beginning at 1:100 were added to the plates and incubated at room temperature for 2 h. After washes with PBS containing 0.1% Tween 20, the plates were incubated with a goat anti-mouse peroxidase-labeled antibody (1 mg/ml, 1:3,000; Gibco) in diluent. After 90 min of incubation at room temperature, the plates were washed and incubated with o-phenylenediamine dihydrochloride (4 g/ml; Sigma) and H 2 O 2 (0.01%) in a citrate buffer (pH 5.0) in the dark for 30 min. The reaction was stopped by the addition of 50 l of 1 N HCl. The optical density of the reaction product was determined with a Titertek Multiskan Plus MK II spectophotometer at a wavelength of 492 nm. The endpoint of the assay was determined as the reciprocal of the highest dilution that gave an optical density reading that was 3 standard deviations above the control baseline.
RESULTS

Generation of mutant viruses.
Mutations in pDAFL3 corresponding to the amino acid substitutions were made and sequenced. This confirmed the presence and accuracy of the mutations. In vitro transcription reactions produced infectious RNA that was transfected into BHK-21 cells. The infected cells and supernatants were harvested and titered by plaque assay. pDAFL3-derived virus is hereafter referred to as pDA virus, and the viruses with amino acid substitutions in VP1 were named as shown in Table 1 .
T81D virus produces large plaques. DA and GDVII viruses have different plaque morphologies. DA virus produces small plaques on BHK cells. In contrast, GDVII virus makes large plaques (12) . Interestingly, T81D virus produced large plaques (2.36 Ϯ 0.14 mm) similar in size to plaques produced by GDVII virus (3.20 Ϯ 0.19 mm), a neurovirulent TMEV that belongs in a separate subgroup, rather than small plaques seen with the parental virus, pDA (0.6 Ϯ 0.04 mm), in BHK cells. In addition, large plaques were produced in primary mouse astrocytes (pDA virus, 0.21 Ϯ 0.02 mm; T81D virus, 1.04 Ϯ 0.05 mm; GDVII virus, 1.33 Ϯ 0.13 mm). The T81V, T81W, and V91T viruses all produced only small plaques in both BHK cells and astrocytes.
T81D virus has altered replication kinetics. To determine whether the changes made in the virus capsid proteins influenced viral replication, one-step growth curves were performed (Fig. 3) . The replication kinetics of the mutant viruses were compared with those for pDA virus. At 8 h postinfection, all but the T81D virus had an increase in titer. The T81D virus had a longer lag phase. Growth kinetics similar to those for pDA virus were found with the T81V, T81W, and V91T mutant viruses. At 24 h postinfection, the pDA, T81V, T81W, and V91T viruses had reached their peak titers; however, the T81D virus did not peak until 36 h postinfection. At 48 h, there was no further increase in T81D virus titer (data not shown).
T81D virus produces less virus in various cell lines. To assess whether T81D virus infection also produced less virus in different cell lines, we infected various cell lines with viruses and compared their titers 24 h postinfection (Fig. 4) . The T81D virus produced less virus in BHK-21 cells, and this correlated with the data obtained with the one-step growth curves. Replication of T81D virus was also reduced in two CNS-derived cell lines, Neuro-2a and astrocytes, and decreased in two African Green monkey kidney cell lines, BSC-1 and Vero.
Replication in SF9 cells also resulted in a reduction of viral titer, but infection of SF9 cells with all viruses resulted in little virus production. With the other mutant viruses, we found no variations in the ability to replicate in these cell lines.
T81D virus is thermostable. There is a difference in temperature sensitivity found between GDVII and DA viruses (3, 19, 32) . GDVII virus is less sensitive to elevated temperatures than DA and other TO subgroup viruses. To determine whether differences exist in stability among the different mutants and pDA virus, we assessed thermostability. Noticeable differences were found at 42°C ( Table 2) . As expected, GDVII virus was stable at 42°C. In contrast, pDA, T81V, T81W, and V91T viruses were labile at this temperature. However, T81D virus, similar to GDVII virus, was stable at 42°C.
Clinical signs. Although no obvious clinical signs were noted in any groups during the acute stage of the disease, the mice infected with T81W, T81D, and V91T viruses gained more FIG. 4 . T81D replicates to lower titers in various cell lines. Virus was added at an MOI of 1 to BHK-21 (BHK), Neuro-2a (Neu), astrocyte (Astr), BSC-1 (BSC), Vero, and SF9 cell lines. Twenty-four hours later, the infected cells were harvested and plaque assays were performed. Histopathology. After 1, 4, and 8 weeks postinfection, CNS tissue from infected mice was processed for paraffin embedding. During the acute stage, pDA virus preferentially produced disease in the hippocampus, cerebral cortex, thalamus, and brainstem. Mice infected with T81V and T81W viruses exhibited a pattern of disease similar to that seen with pDA virus-infected mice. However, the overall disease seen with the T81D and V91T virus-infected mice was markedly reduced, with little or no disease seen in the hippocampus (Fig. 5) . The total pathological score of the brain 1 week postinfection is illustrated in Fig. 6 . The extent and pattern of disease produced by T81V virus was similar to those produced by pDA virus. Less disease was found in mice infected with the T81W virus, but this was not significant. However, significantly less disease was observed in mice infected with the T81D and V91T viruses (compared with wild-type pDA virus, P Ͻ 0.05 by analysis of variance [ANOVA]). These viruses induced less perivascular cuffing and less meningitis in the brains 1 week postinfection. Little or no disease was seen in the spinal cords of T81D or V91T virus-infected mice.
At 4 weeks postinfection and thereafter, TMEV-induced disease was primarily located in the spinal cords (chronic stage) (Fig. 7) . At 4 weeks postinfection, the extent and pattern of disease in mice infected with the T81V virus were similar to those in mice infected with wild-type pDA virus. Large areas of demyelination accompanied by inflammatory infiltrates and meningitis were seen at the ventral root zones, and in some cases, the entire white matter of the spinal cord was involved. Less disease was seen in mice infected with the T81W, T81D, and V91T viruses (Fig. 7C, E, and G) . The same pattern was observed at 8 weeks postinfection. The T81W, T81D, and V91T viruses produced attenuated disease, whereas the T81V virus was similar to wild-type virus in the extent and pattern of disease production.
Coronal spinal cord sections were scored for the presence or absence of either demyelination, inflammation, or meningitis at 4 and 8 weeks postinfection (Fig. 8) . The T81V virus produced levels of disease comparable to those produced by pDA virus, whereas significantly less involvement was seen in the T81W, T81D, and V91T virus-infected mice at 4 and 8 weeks postinfection ( Fig. 8; determined by ANOVA) .
Viral antigen positive cells in the CNS. To determine the distribution and number of virus infected cells, immunohistochemistry for viral antigens was performed. At 1 week postinfection, the T81V virus-infected mice exhibited a pattern of antigen-positive cells in the pyramidal cell layer of the hippocampus, cerebral cortex, thalamus, and brainstem similar to that seen with pDA virus-infected mice in the brain (Fig. 5B  and D) . However, the T81W, T81D, and V91T virus-infected mice contained fewer viral antigen-positive cells in the cerebral cortex, thalamus, and brainstem and few (T81W) or none (T81D and V91T) in the hippocampus (Fig. 5F and H) . Most antigen-positive cells in pDA, T81V, T81W, and V91T virusinfected mice were neurons, based on their morphology.
However, the T81D mutant exhibited an altered tropism. While no neurons in the pyramidal cell layer in the hippocampus were seen to contain viral antigens, antigen-positive neurons were scattered throughout the thalamus. More interestingly, antigen-positive cells were also found to be associated with small vessels in the thalamus (Fig. 9A) . This was not found with infections of wild-type pDA virus or any of the other mutant viruses (Fig. 9B) . The T81D mutant displayed an altered tropism to endothelial cells or perivascular cells (macrophages).
During the chronic stage, 4 and 8 weeks postinfection, the white matter of the spinal cord contained antigen-positive cells in the demyelinating lesions of mice infected with wild-type pDA (Fig. 7B ) and T81V mutant viruses. We found few viral antigen-positive cells in the T81W and T81D-infected mice and none in the V91T-infected mice at 4 or 8 weeks postinfection (Fig. 7D, F, and H) . Morphologically, the viral antigenpositive cells were glial cells or macrophages in all mutant and wild-type DA virus infections (13, 35) . The antigen-positive cells in all five coronal brain sections and all spinal cord sections of all infected mice were counted (Table 3) . We found that the overall number of antigen-positive cells in the T81V virus-infected mice was similar to that in wild-type pDA virusinfected mice in the brains but was lower during the chronic stage of the spinal cord. Nevertheless, abundant viral antigenpositive cells were found in the spinal cords of mice infected with both viruses. In contrast, the T81W and T81D virusinfected mice contained a reduced number of viral antigenpositive cells in the brain and few or none in the spinal cord in both acute and chronic stages. In addition, the V91T virusinfected mice contained few antigen-positive cells in the brain and none in the spinal cord at all time points. Overall, there appears to be a relationship between increased demyelination and inflammation with an elevated number of antigen-positive cells.
CNS viral titers.
To determine the amount of infectious virus in the CNS of virus-infected mice, we performed plaque assays of CNS tissue homogenates. Twelve mice per group were injected with each virus; at 1, 2, 4, and 8 weeks postinfection three mice were sacrificed, their brains and spinal cords were homogenized, and plaque assays were performed to determine viral titers.
At 1 week postinfection, the viral titers in the brain were high in wild-type pDA, T81V and T81W virus-infected mice but were considerably lower in T81D and V91T virus-infected mice (Table 4 ). Over time, at 8 weeks postinfection, the titers decreased in the brain in wild-type pDA virus and T81V virusinfected mice. The viral titers in the brain of T81W virusinfected mice decreased even further at 8 weeks postinfection, when in one of the three mice no infectious virus was detected. The brains of T81D and V91T virus-infected mice contained very little or no virus at 8 weeks postinfection.
In the spinal cord, the viral titers remained high over time in wild-type pDA virus-infected mice (Table 4 ). There was a slight decrease seen at 8 weeks postinfection with T81V-infected mice. The viral titers in T81W infected mice largely decreased over time. At 8 weeks postinfection, no infectious virus could be isolated in two of three mice. In contrast, the spinal cords of T81D mutant-infected mice contained few virus particles at 1 and 2 weeks postinfection, and no infectious virus was isolated at 4 and 8 weeks postinfection from any mice. The V91T virus-infected mice never contained demonstrable amounts of infectious virus in the spinal cord (limit of detection is 25 PFU/g of tissue).
At 8 weeks postinfection, samples of spinal cord homogenates (pDA, T81V, T81W, and T81D virus-infected mice) or brain (V91T virus-infected mouse) were processed for RT-PCR. These were sequenced to determine the presence of the correct mutation and to eliminate possible reversions to wildtype and/or contamination during housing or handling of animals. In all instances, the virus sequenced was the correct virus injected and still contained the original mutation (data not shown).
Antibody titers correlate with virus persistence. Prior to infection and at the time of sacrifice, sera were taken from the mice that were used for the histological evaluation. Anti-TMEV antibody titers of these mice were determined (Fig.  10) . In all groups, anti-TMEV antibodies were detectable even 1 week postinfection. Over time, a significant increase in antibody titers was seen with the wild-type pDA and T81V virusinfected mice. This was not evident with the T81W, T81D, and V91T virus-infected mice, suggesting that anti-TMEV antibody titers correlate with viral antigen-positive cells.
DISCUSSION
We have targeted loop I of VP1 for mutagenesis in an attempt to delineate virus tropism and interaction with the host. Loop I is 1 of the four exposed loops adjacent to the putative binding site for the cellular receptor for TMEV (7, 14, 17, 18) .
The T81V and T81W viruses both have hydrophobic substitutions at the top of loop I of VP1. The growth kinetics and thermal stability of the T81V and T81W viruses were similar to those for wild-type pDA virus. Therefore, a hydrophobic substitution did not significantly alter the phenotype of these viruses in vitro.
In vivo, the T81V virus, which has a threonine replaced with a valine (a substitution of a hydroxyl group with a methyl group at the ␤-carbon, hydrophobic), produced a pattern and disease similar to that of wild-type pDA virus. This small change in hydrophobicity at the top of the loop of VP1 did not have an apparent effect on virus-host interactions, whereas when a hydrophobic change with the introduction of two aromatic rings was introduced at this position, the T81W virus infection resulted in a similar acute disease but an attenuated chronic disease. We hypothesize that the large hydrophobic residue, tryptophan, at the tip of loop I of VP1 in T81W virus could have distorted the conformation of the loop in such a manner that it might have hindered virus-receptor interactions in vivo.
Both T81V and T81W viruses could replicate in astrocytes in vitro as well as wild-type pDA virus (Fig. 4) . However, in vivo, no viruses efficiently infected glial cells or macrophages during the acute stage. During the chronic persistent stage, pDA and T81V viruses but not T81W virus infection resulted in infected glial cells and/or macrophages. In CNS inflammatory disease including TMEV infection (13), major histocompatibility complex and adhesion molecules, potential candidates of virus receptors (17), on glial cells and macrophages have been reported to be induced or up-regulated during the course of disease. Taken together, during the chronic stage, pDA and T81V viruses could use the induced-or up-regulated molecule(s) on glial cells or macrophages as virus receptor; T81V might bind less efficiently to these molecules. This remains to be determined.
Therefore, the results can be interpreted to mean that the affinity and tropism remained the same during the acute stage for neurons, but that the alteration in the loop had an effect on infection of glial cells in the spinal cord during the transition to the chronic stage, leading to reduced persistence and demyelination. Although smaller amounts of T81W virus were detected during the chronic stage, this was not sufficient to cause significant disease in the spinal cord as was seen with wild-type pDA virus and the T81V mutant virus.
The V91T virus, which had a valine in the wall of the pit replaced with a threonine (uncharged polar), also exhibited an altered disease pattern, whereas minor differences were seen with in vitro analyses. The acute disease was attenuated and the chronic demyelinating disease and viral persistence were absent. Although there were a few antigen-positive cells and small histopathological changes in the brain during the acute stage, significant amounts of infectious virus could be isolated from the mice infected with V91T virus. Furthermore, infectious V91T virus could be isolated from the brain even at 8 weeks postinfection, which indicated that the virus inoculum was not defective. In contrast, in the spinal cord, no infectious virus or disease was evident at any time point, and in only one instance could viral genome be detected by RT-PCR during the chronic stage (data not shown). It is possible that this substitution in the wall of the canyon interrupted virus-receptor interactions and that this resulted in a lower affinity for the receptor or lack of interaction with the receptor. Thus, our results can be interpreted to mean that the threonine substitution in the wall of the canyon rendered it unable to infect glial cells because of loss of affinity for receptor. Alternatively, early clearance by immune system could negate viral persistence. However, this is unlikely, as discussed below.
On the other hand, T81D virus has a mutation (negatively charged, acidic) that may largely alter the conformation of the loop and/or surrounding features. T81D virus has a threonine residue replaced by an aspartate residue on the most exposed region of loop I of VP1. This reflects a change from a ␤-branched hydrophilic side chain to a ␥-branched acidic side chain. In all characterization experiments, the data indicate that T81D virus had an altered phenotype. In vitro T81D virus produced large plaques in two cell lines, had a slower replication cycle, and was more thermally stable than the other mutant viruses or wild-type virus. The plaque phenotype and thermal stability of T81D virus approximated that of the neurovirulent strain GDVII virus. Traditionally, plaque size has often been correlated with neurovirulence for many viruses, including TMEV (12, 27) . However, the data indicate that there is no correlation between plaque size and neurovirulence and that there is a correlation between plaque size and thermal stability. A similar finding was described by Oleszak et al. (16) when two plaque size variants were analyzed from DA virus. The small variant was thermally sensitive, whereas the slightly larger variant was less sensitive. However, the in vitro growth characteristics of the small-and large-plaque variants varied from the data obtained for pDA and T81D viruses. The smallplaque variant analyzed by Oleszak et al. (16) grew more slowly and to lower titers, whereas our large-plaque variant exhibited this phenotype. Unfortunately, the small-or large-plaque variants examined by Oleszak et al. (16) were not sequenced, and therefore it remains difficult to associate amino acids in the genome with their influence on thermal stability and plaque size as well as determine their location and structural relationship. We propose a correlation between thermal stability and plaque size and believe that the aspartate substitution at the top of loop I of VP1 renders the virus particle more stable and resistant to denaturation at elevated temperatures, presumably due to altered structure.
Significantly, the T81D mutant virus exhibited an altered tropism in the brain during the acute stage. Cells associated with small vessels, presumably endothelial cells or perivascular cells (macrophages), in the thalamus stained positive for viral antigen, whereas few if any pyramidal neurons in the hippocampus were involved. There are reports suggesting that endothelial cells might play a role in TMEV infection both in vitro and in vivo. Endothelium and/or perivascular cells of TMEV-infected nude mice contained viral RNA but not viral antigen (38) . In situ hybridization demonstrated viral RNA in cells associated with the vascular endothelium away from demonstrable lesions. In addition, there have been studies involving endothelial cell lines that were infected with TMEV in vitro. TMEV infection of cloned cerebral endothelial cell lines from susceptible and nonsusceptible mice indicated that all cell lines were equally permissive (34) . Further studies with these endothelial cell lines demonstrated that these cells could be persistently infected (24) . Virus replication occurred, but viral titers were lower than in acutely infected cells and titers from endothelial cells of susceptible mice were lower than titers from cells from nonsusceptible mice. These authors hypothesized that during natural infection the endothelial cells become persistently infected and could initiate a series of events that leads to virus dissemination to the CNS or, alternatively, that the endothelial cell acts as a reservoir of TMEV in infected mice. The virus could then continue to reinfect the CNS and cause the demyelination and infiltration present in the CNS. However, cells associated with small vessels were never found to contain viral antigen or viral RNA during the acute stage of wild-type virus infection in susceptible mice (1, 21, 26) . Furthermore, only a mutant virus (T81D) exhibited a tropism for cells associated with small vessels, and infectious virus did not persist; this altered tropism is attributed to the change in the capsid protein. We conclude that although cells associated with small vessels (presumably endothelial or perivascular cells) might play a role in disease, it is more likely that they play an important immunological role in presenting antigen rather than a role in virus persistence.
Although cerebral endothelial cells are known to express Ia antigen in some particular instances, such as experimental allergic encephalomyelitis, these cells are not professional antigen-presenting cells and lack efficient costimulatory signals. Recent studies have shown that antigen presentation without costimulatory signals induces anergy rather than proliferation of T cells (33) . Thus, in T81D virus infection, antigen presentation by endothelial cells might anergize TMEV-specific T cells, which are believed to play an important role in causing demyelinating disease. This could lead to suppression of TMEVinduced chronic demyelinating disease.
Viruses are known to evade the immune response by several mechanisms that can lead to their persistence. The differences in persistence seen among the mutant viruses in this experiment might be caused not only by altered virus-cell interaction, such as binding, uncoating, and penetration, but also by different immune responses to the viruses. Serum neutralizing antibody has been shown to be important in TMEV clearance (5, 10) . In our experiments, however, we detected higher anti-TMEV antibody titers in pDA and T81V virus-infected mice than in the other mutant virus-infected mice, which had decreased viral persistence (Table 4) . Therefore, lack of a humoral immune response did not correlate with persistence of pDA and T81V virus infection. In addition, major T-cell epitopes have been found in VP1 [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] (30) , VP1 233-244 (37), VP2 74-86 (6), VP2 122-130 (4), and VP3 [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] (36) but not in loop I of VP1 in TMEV infection. Thus, altered virus-cell interactions are more likely to contribute to the changes in phenotype seen with the TMEV mutants rather than the host immune responses against these viruses. Experiments that have analyzed these functions of the T81D virus and wild-type virus have determined that the T81D virus binding to permissive cell lines is the same as wild-type virus, but that the T81D virus exhibits a delay in the entry of the infectious genome (unpublished data). This is the first report of in vivo analyses of capsid mutants of TMEV with site-directed mutations in loop I of VP1. Mice infected with virus mutants with three different amino acid substitutions at 1 position (81 of loop I) have led to markedly different disease patterns. One of these mutants exhibited an altered tropism, whereas a disruption of a hydrophobic patch in the wall of the canyon resulted in a profound attenuation of the acute and chronic disease. FIG. 10 . Antibody titers to wild-type and mutant viruses correlate with histopathology. Sera were collected prior to infection and at 1, 2, 4, and 8 weeks postinfection (pi) from mice that were used for the histological scoring. Anti-TMEV titers were determined by ELISA. Anti-TMEV titers increased in the mice infected with the wild-type pDA and T81V viruses and remained low for the T81W, T81D, and V91T virus-infected mice. The brains and spinal cords were cut into 5 and 10 coronal sections, respectively. The same regions for each mouse were examined. The viral antigenpositive cells were detected by immunohistochemistry, and the total numbers of TMEV antigen-positive cells in the brain and spinal cord of each mouse were enumerated in a light microscope at a magnification of ϫ200. 
